] The measured ozone profile is often not a smooth curve with a maximum in the 8 stratosphere. It exhibits narrow layers of enhanced ozone concentration (positive laminae) 9 and of depleted ozone (negative laminae). Here we deal with the trends in ozone laminae 10 characteristics. All sufficiently long data series of ozonesonde soundings from the 11 Northern Hemisphere poleward of 30°N are analyzed separately for Europe, northern 12 America, Japan, and the Arctic. The trends in ozone laminae are quite strong, much 13 stronger than those in total ozone at middle latitudes. A reversal in trends in the 14 ozone laminae characteristics, mainly in the overall ozone content (deficit) in positive 15 (negative) laminae per profile and the number of laminae per profile, is found to have 16 occurred in the mid-1990s. Whereas a negative trend was observed before the mid-1990s, 17 a positive trend was observed after about 1995. We assume this change in the ozone 18 laminae trend to be caused predominantly by a change in the trends in circulation in the 19 middle atmosphere. [2] The ozone profiles measured by ozonesondes, partic-25 ularly those observed in late winter and early spring, do not 26 display a smooth shape below the maximum of the ozone 27 layer. Very often we may observe the occurrence of weak 28 undulations and/or relatively narrow layers of substantially 29 increased or depleted ozone concentration. These layers are 30 called laminae, positive laminae in the former (enhanced 31 ozone concentration) and negative laminae in the latter case. 32 The laminar structure of ozone profiles was first described 33 by Dobson [1973] on the basis of ozonesonde data. Lam-34 inae occur also in lidar and satellite ozone profiles [e.g., 35 Appenzeller and Holton, 1997; Manney et al., 2000 Manney et al., , 2001 36 Randall et al., 2003] but with poorer height resolution 37 (satellites about 1 km at best) and with much shorter data 38 series than ozonesonde data available at middle latitudes 39 since the 1960s or early 1970s. We are interested in long-40 term trends and therefore hereafter we deal with ozonesonde 41 data only. On the other hand, satellites provide global 42 coverage and more frequent measurements (sondes typically 43 no more than 2 -3 times per week at best). The first tracer 44 lamina climatology based on satellite data was published by 45 Appenzeller and Holton [1997]. However, that climatology 46 is based on calculations of where laminae are expected to 47 occur from horizontal gradients in the poor vertical resolu-48 tion Microwave Limb Sounder data, rather than from direct 49 observations of laminae. Kar et al. [2002] used satellite data 50 from Stratospheric Aerosol and Gas Experiment (SAGE) II 51 (version 6.0). They were interested in layers with depths of 52 3 to 6 km, and they claimed that they had investigated 53 layers broader than laminae.
[2] The ozone profiles measured by ozonesondes, partic-25 ularly those observed in late winter and early spring, do not 26 display a smooth shape below the maximum of the ozone 27 layer. Very often we may observe the occurrence of weak 28 undulations and/or relatively narrow layers of substantially 29 increased or depleted ozone concentration. These layers are 30 called laminae, positive laminae in the former (enhanced 31 ozone concentration) and negative laminae in the latter case. 32 The laminar structure of ozone profiles was first described 33 by Dobson [1973] on the basis of ozonesonde data. Lam-34 inae occur also in lidar and satellite ozone profiles [e.g., 35 Appenzeller and Holton, 1997; Manney et al., 2000 Manney et al., , 2001  36 Randall et al., 2003 ] but with poorer height resolution 37 (satellites about 1 km at best) and with much shorter data 38 series than ozonesonde data available at middle latitudes 39 since the 1960s or early 1970s. We are interested in long-40 term trends and therefore hereafter we deal with ozonesonde 41 data only. On the other hand, satellites provide global 42 coverage and more frequent measurements (sondes typically 43 no more than 2 -3 times per week at best). The first tracer 44 lamina climatology based on satellite data was published by 45 Appenzeller and Holton [1997] . However, that climatology 46 is based on calculations of where laminae are expected to 47 occur from horizontal gradients in the poor vertical resolu-48 tion Microwave Limb Sounder data, rather than from direct 49 observations of laminae. Kar et al. [2002] used satellite data 50 from Stratospheric Aerosol and Gas Experiment (SAGE) II 51 (version 6.0). They were interested in layers with depths of 52 3 to 6 km, and they claimed that they had investigated 53 layers broader than laminae.
54
[3] Why do we study ozone laminae? First, in no other 55 parameter in the midlatitude middle atmosphere can we find 56 such a strong negative trend as in positive laminae over the 57 period of the late 1960s to early 1990s [e.g., Lastovicka, 58 2002]. Second, despite the small amount of ozone in the 59 individual laminae, the observed strong trends in laminae 60 could contribute to the observed trends in total ozone at 61 middle latitudes, particularly in late winter -early spring
62
[e.g., Lastovicka, 2001] . Third, the trends in laminae seem 63 to be, to some extent, related to long-term changes in 64 circulation/transport [e.g., Mlch and Lastovicka, 1997] . and weaker layers of enhanced or depleted ozone concen-127 tration may be caused by gravity waves, particularly at 128 middle latitudes [e.g., Reid et al., 1994; Pierce and Grant, 129 1998 ]. Therefore we consider only sufficiently strong lam-130 inae (see section 2), which may be assumed to originate 131 very predominantly at the polar vortex edge.
132
[8] Since we are interested in trends in ozone laminae, 133 recent reviews on trends in related stratospheric parameters, 134 namely in the total ozone and 135 stratospheric temperatures [Ramaswamy et al., 2001] , 136 should be mentioned. Logan et al. [1999] have broadly 137 studied the trends in ozone profiles.
138
[9] Our previous investigations, based on the ozonesonde 139 data from the late 1960s to the early 1990s 140 Lastovicka, 1996, 1997; Lastovicka, 2001 Lastovicka, , 2002 
159
[2004, Figure 3 ] for a few northern American stations.
160
[13] Section 2 deals with the lamina determination. profile, the ozone profile as it would be in the absence of 171 laminae, with respect to which the laminae are computed.
172
Various authors have used various approaches to the refer-173 ence profile determination, which is one of the reasons for 174 some differences between their results. It should be noted 175 that ozone profiles, which are ''wilder'' than that in Figure 1 , 176 are not rare.
177
[15] In this paper we use a method similar to that used by 178 Pierce and Grant [1998] . Its basic idea is to obtain the 179 reference profile by smoothing the observed profile. This 182 and the ozone profile maximum (= region of strong lamina 183 occurrence) becomes uniform. The approach is as follows:
184
[16] There are n measured data points a 0 . . .a n along the 185 profile. The value of the smoothed ith point, pa i , is (i 6 ¼ 0 186 and i 6 ¼ n):
187 The value of the first point, pa 0 :
190 The value of the last point, pa n : 
219 The two intersection points and the local minimum of ozone 220 concentration form in a similar way a negative ozone 221 lamina.
222
[18] Some smaller undulations of the ozone profile and 223 weaker layers of enhanced or depleted ozone concentration 224 may be caused by gravity waves, particularly at moderate 225 latitudes [e.g., Reid et al., 1994; Pierce and Grant, 1998 ]. 226 To exclude them, we consider only sufficiently strong 227 laminae, usually those larger than 40 nbar, i.e., sl = 40 nbar 228 in (5). When we applied this criterion to Figure 1 , where no 229 extreme is larger than 40 nbar, we found no strong lamina 230 for this particular day.
231
[19] We calculate three parameters characterizing the 232 laminae in ozone profiles: (1) Payerne (46. 49°N, 6.57°E, 1970 -2002) , Hoheinpeissen-283 berg (47.8°N, 11.02°E, 1970 -2002) , Lindenberg
284
(52. 21°N, 14.12°E, 1975 -2003) , Legionowo (52.4°N, 285 20. 97°E, 1979 -2003) , Prague-Libus (50.02°N, 14.45°E, Sapporo (43.05°N, 141.33°E, 1970 Sapporo (43.05°N, 141.33°E, -2003 293 and Kagoshima (31. 63°N, 130.6°E, 1970 -2003) ; and 294 (4) Arctic stations, Sodankylä (67. 39°N, 26.65°E, 1989 -295 2003) , Ny Aalesund (78. 93°N, 11.88°E, 1991 -2003) , olute Bay (74.72°N, 94.98°W, 1970 Bay (74.72°N, 94.98°W, -2003 , Alert (82.5°N, 297 62.3°W, 1988 Alert (82.5°N, 297 62.3°W, -2003 . Ozonesonde data for these stations 298 were taken from the international ozone database in 299 Toronto: http://www.msc-smc.ec.gc.ca/woudc. We use only 300 data for January -May, the period of the highest occurrence 301 frequency of laminae. In September -October, the number 302 of laminae is less than 20% of that in February -April.
303
[23] There are large differences in the number of obser-304 vations at these stations. The following stations have the 305 largest number of observations: Payerne, Hoheinpeissen-306 berg, and Uccle. The Arctic stations except for Resolute 307 Bay have shorter periods of observations. In the paper we 308 report the results for stations of the Northern Hemisphere. 309 The analysis of the ozone laminae characteristics in the 310 Southern Hemisphere is under way and will be published in 311 a separate paper.
312
[24] The intervals between data points in measured ozone 313 profiles could vary from station to station and with time as 314 measurements were improved. This can affect the results. 315 The January -May averaged intervals between data points 316 in profiles at ''lamina'' heights are summarized in Table 1 317 for each station and each year. The smallest intervals, 318 i.e., the best data, are provided by Payerne, Uccle and 319 Sodankylä. The most recent data are best. Legionovo in 320 1986 and Wallops till 1976 have average intervals larger 321 than 1 km. However, Figure 2 shows that laminae thinner 322 than 1.5 km contribute very little to the overall ozone 323 content in laminae per profile for the laminae studied 324 (>40 nbar). Therefore the varying intervals between data 325 points in profiles probably do not affect significantly the 326 results. This conclusion concerns particularly the long-term 327 trends and it is supported by similarity of trend patterns at 328 various stations, as shown in section 4. On the other hand, 329 year-to-year variations may be affected to some extent. [Harris et al., 1998 ]. This may affect remarkably the 390 rapid trend reversal after the mid-1990s. Station Prague-391 Libus provides larger values of both positive and negative 392 laminae because measurements were run only in January -393 April each year, when the average number of laminae is 394 higher than in May. The comparison of Figures 3 and 4 395 reveals the ratio of the ozone deficit in negative laminae to 396 the ozone surplus in positive laminae to be about 2:3 or a 397 little lower with good correlation (but not one-to-one 398 correspondence) of the positive and negative laminae 399 variations.
400
[30] Canadian midlatitude stations (Figures 5 and 6 ) 401 display a trend pattern very similar to that for European 402 stations, a strong negative trend before the mid-1990s with a 403 minimum in 1995 -1996 followed by a rapid trend reversal. 404 The Wallops Island data series terminated in the late 1990s. 405 Nevertheless, Wallops Island provides a similar trend pat-406 tern for the positive laminae, whereas for the high-scatter 407 negative laminae data no evident trend can be detected. The 408 Wallops Island values of ozone in laminae are generally 409 somewhat smaller compared with Canadian stations due to 410 lower latitude. The ozone deficit to ozone surplus ratio 411 seems to be slightly smaller for the Canadian stations than 412 for the European stations.
413
[31] It is more difficult to draw a conclusion about trends 414 in the ozone content in laminae per profile for the Japanese 415 stations (Figures 7 and 8) , because the number of observa- 
443
[33] The trend in the number of ozone laminae per profile 444 is similar to that in the overall ozone content in laminae per 445 profile, as shown in Figure 11 i.e., similar to that for the overall ozone content in laminae 467 per profile.
468
[34] The third lamina parameter is the ozone content (or 469 deficit) per one positive (negative) lamina, shown for the 470 representative stations of all four regions in Figure 12 for 471 positive laminae. This parameter displays a quite different 472 pattern of trends. Payerne and Sapporo show a very weak 473 negative trend without detectable reversal, whereas the 474 middle and high-latitude stations in the American sector, 475 Edmonton and Resolute Bay, exhibit an evident negative 476 trend with a tendency to leveling off (Resolute) or even 477 slight reversal (Edmonton) of the trend in the mid-1990s. 478 On the other hand, there is no evident and statistically 479 significant trend for the negative laminae in any of the four 480 regions (not shown here). However, no detectable trend may 481 include the existence of a weak trend. Weak trends may be 482 masked by the problems with data uncertainty (instrumental 483 effects) mentioned at the end of section 3. In general, the 484 trends in the ozone content per lamina are less reliable than 485 trends in the other lamina parameters. The behavior of the 486 other stations in Europe and northern America, and Tateno 487 in Japan, is consistent with the behavior of the selected 488 representative stations Payerne, Edmonton and Sapporo. 489 The ozone deficit (not shown here) to ozone surplus 490 (positive laminae) ratio seems to be about 5:7, but its 491 estimate is very uncertain. The outliers for Sapporo occur 492 due to the smaller number of measurements and their year-493 to-year unstable seasonal distribution. 494 
Discussion

495
[35] The trends observed in the overall ozone content (or 496 deficit) in laminae per ozone profile are quite strong in all 497 four regions, Europe, northern America, Japan (middle 498 latitudes), and Arctic (high latitudes) down to about 35°N, 499 which means that the observed trend is a global character-500 istic of the Northern Hemisphere at higher middle and high [37] There might be some indications of a true ''chemi-564 cal'' reversal, or rather leveling off of the trends in ozone in 565 recent years since about 1997 -1998, but in the upper 566 stratosphere, as reported by Newchurch et al. [2003] . 567 However, Steinbrecht et al. [2004a] questioned the inter-568 pretation of the leveling off of the ozone trends in the upper 569 stratosphere as evidence of ''chemical'' reversal. They 570 attributed the observed changes rather to the solar cycle 571 effect. The most recent paper by Steinbrecht et al. [2004b] 572 mentions both possibilities and shows that measurements in 573 the next few years (solar cycle minimum period) should 574 resolve the problem.
575
[38] The results presented in section 4 indicate good 576 correlations between the trends in positive and negative 577 laminae parameters. Table 2 quantifies those correlations. 578 We can see good correlation between the number of positive 579 and negative laminae per profile; the correlation coefficient 580 varies between 0.33 (Wallops Island) and 0.94 (Ny Aalesund). 581 A good negative correlation is observed between the overall 582 ozone in positive laminae per profile and the ozone deficit 583 in negative laminae per profile, which is related to the good 584 correlation between the number of positive and negative 585 laminae. On the other hand, correlations between the ozone 586 content per positive lamina and the ozone deficit per 587 negative lamina are weak and mostly quite insignificant. 588 This difference in correlations is understandable, if the main 589 reason for correlations is the good correspondence between 590 trends, because the trend observed in the ozone content per 591 lamina is much smaller than in the other two parameters. 592 However, some contribution to the observed correlations 593 may be introduced by the method of lamina determination, 594 namely by the smoothing used in constructing the reference 595 ozone profile, which might result in a tendency to produce 596 pairs of related positive and negative laminae therefore the 597 results on the correlations between the positive and negative 598 laminae characteristics must be considered to some degree as 599 uncertain. Fortunately, as shown by Krizan and Lastovicka 600 [2004] and mentioned in section 2, only the values of ozone 601 content, not the trends in positive laminae characteristics are 602 significantly influenced by the applied method of lamina 603 determination. 
